To examine open-flame and/or high-temperature cooking (grilling/barbecuing, broiling, or roasting) and doneness preferences (rare, medium, or well done) for red meat, chicken, and fish in relation to type 2 diabetes (T2D) risk among U.S. adults who consumed animal flesh regularly ( ‡2 servings/week).
. For example, red meat consumption, especially processed red meat, has been consistently associated with an increased risk of T2D (4, 8) . For fish intake, although two meta-analyses of prospective studies consistently demonstrated no overall relationship with T2D risk, opposing associations have been observed when separating the studies based on geographical region: a positive association in the U.S. and Europe but an inverse association in Asia and Australia (7, 9) . For chicken or poultry intake and T2D risk, previous studies have also yielded mixed results (5, 6, 10) . In a previous study, we found that red meat cooking methods were associated with risk of developing T2D in women (11) . Further investigations are needed to substantiate the association between cooking methods of other kinds of meats and diabetes risk.
Moreover, accumulating evidence has suggested that cooking meats at high temperature can produce several hazardous chemicals, including heterocyclic aromatic amines (HAAs), polycyclic aromatic hydrocarbons (PAHs), and advanced glycation end products (AGEs) (12) (13) (14) , which are known carcinogens or can impact inflammation and insulin sensitivity (15) (16) (17) (18) (19) . Cooking temperature, duration, and doneness level can significantly affect the levels of these chemicals in cooked meats (12) (13) (14) . To date, no study has comprehensively examined meat cooking methods (such as grilling/barbecuing, broiling, or roasting), doneness level (rare, medium, or well done), and dietary HAA intake in relation to T2D risk.
To fill these knowledge gaps, we prospectively investigated associations of open-flame and/or high-temperature cooking methods for different types of meats, doneness preferences, and estimated HAA intake with the risk of developing T2D in three large prospective cohort studies of U.S. men and women.
RESEARCH DESIGN AND METHODS

Study Population
We used data from three prospective cohort studies: the Nurses' Health Study (NHS), NHS II, and the Health Professionals Follow-Up Study (HPFS). The NHS included 121,700 U.S. female nurses aged 30 to 55 years enrolled in 1976 from 11 states. The NHS II, established in 1989, included 116,671 younger female registered nurses aged 25 to 42 years from 14 states. The HPFS, established in 1986, included 51,529 U.S. men aged 40 to 75 years from 50 states. More details on the three cohorts and data collection can be found elsewhere (20, 21) . At baseline and every 2 years thereafter, participants of the three cohorts updated information on lifestyle factors, medical history, and newly diagnosed diseases through self-administered questionnaires, with a cumulative response rate over 90%. A semiquantitative food frequency questionnaire (FFQ) was administered in 1980 in NHS, 1991 in NHS II, and 1986 in HPFS, and diet information was updated every 2-4 years in these cohorts using the FFQs (22) . Reasonable reproducibility and validity of the questionnaires have been detailed elsewhere (23, 24) .
In the current analysis, the study baseline was 1996 for NHS and HPFS and 2001 for NHS II, when detailed information on different cooking methods for different types of meats was collected. Participants were excluded if they reported a diagnosis of diabetes, cardiovascular disease, or cancer at baseline (n = 14,323 in NHS, n = 12,177 in NHS II, and n = 7,140 in HPFS); if they reported implausible daily caloric intake (,500 or .3,500 kcal/day for women, ,800 or .4,200 kcal/day for men); or if they had missing information on all cooking methods for red meat, chicken, and fish (n = 4,129 in NHS, n = 9,806 in NHS II, and n = 4,450 in HPFS). In addition, we restricted the analysis to the participants (81.1% of NHS, 88.8% of NHS II, and 86.5% of HPFS) who consumed red meat, poultry, or fish regularly ($2 servings/ week). For the participants who reported the frequency of cooking methods for meats but did not respond about the doneness level (,3%), missing values were imputed with the mode. After exclusions, 52,752 women in NHS, 60,809 women in NHS II, and 24,679 men in HPFS were included in the final analysis with 12-16 years of follow-up (the end of follow-up was 2012 for NHS and HPFS and 2013 for NHS II). In a sensitivity analysis, we excluded the participants with missing data on meat cooking method and doneness level. The study protocol was approved by the institutional review boards at the Harvard T.H. Chan School of Public Health and Brigham and Women's Hospital. The return of the questionnaires was considered implied consent.
Assessment of Diet and Cooking Methods for Meats
The intake of foods and nutrients was calculated and updated based on the validated FFQ every 4 years from baseline to the end of follow-up (22) . The 2010 Alternative Healthy Eating Index (AHEI) was calculated (22) . All nutrients were adjusted for total energy intake using the residual method (25) .
In the 1996 (NHS and HPFS) and 2001 (NHS II) questionnaires, participants were asked the frequency of cooking chicken by pan-frying, broiling, and grilling/barbecuing, the frequency of cooking fish by broiling, and the frequency of cooking hamburger, beef, or steak by pan-frying, roasting, and grilling/ barbecuingdwith seven prespecified response categories (never, less than 1 time/ month, 1 time/month, 2-3 times/month, 1 time/week, 2-3 times/week, and 4+ times/week). Moreover, participants were also asked about the doneness level (lightly browned, medium browned, well browned, and blackened/charred) for each individual cooking method for different types of meats. In HPFS, the information on the frequency of each cooking method and the doneness level for each meat was asked again in the 2004 questionnaire. A previous study demonstrated reasonable validity of our questionnaire assessments of HAA intake when compared with a more detailed questionnaire (e.g., the deattenuated correlation coefficients were 0.60 for 2-amino-3,8-dimethylimidazo [4,5- f]quinoxaline [MeIQx] and 0.36 for 2-amino-1-methyl-6-phenylimiazol [4,5-b] pyridine [PhIP] ) (26) . In addition, in HPFS, cooking method frequencies assessed in 1996 and 2004 were moderately correlated (Pearson correlation coefficients ranged from 0.33 to 0.40). Although the validity of the cooking questionnaire assessments was not directly assessed, moderate correlations were observed between the frequency of each cooking method and the amount of consumption of each animal food assessed in the 1994 FFQ in NHS and HPFS and the 1999 FFQ in NHS II (Spearman correlation coefficients range 0.3-0.5, all P , 0.001).
In addition to the individual cooking methods for red meat, chicken, and fish, we also summed the frequency of grilling/ barbecuing, broiling, and roasting to reflect the overall frequency of open-flame and/or high-temperature cooking methods for red meat (hamburger, beef, and steak) (11) and chicken. Because the questionnaire only inquired about broiling fish, for which the frequency was quite low among our participants (e.g., only 4.3% of participants broiled fish $2 times/week), we did not examine fish broiling as a separate method in the main analysis. When we estimated the frequency of openflame and/or high-temperature cooking methods for total meats (red meat, chicken, and fish), we included fish broiling frequency. Pan-frying was not considered as a potentially risky cooking method because this method was not associated with higher T2D risk in our previous study in NHS (which used a different questionnaire for red meat cooking methods that was only administered in 1986) (11) . The overall frequency of open-flame and/or high-temperature cooking methods was categorized into five groups in the three cohorts (based on the quintiles of cooking frequencies with minor adjustments to have common absolute cut points across cohorts): for total meats (red meat, chicken, and fish), ,4, 4-7, 8-11, 12-15, and .15 times/month; for red meat, ,1, 1, 2-3, 4-5, and .5 times/month; and for chicken, ,2, 2-4, 5-7, 8-10, and .10 times/month. In a sensitivity analysis, the cooking frequency was categorized into simple quintiles in each cohort.
Regarding doneness level, because there were few participant responses in the blackened/charred category (e.g., 0.2% for broiling chicken and 0.9% for barbecuing steak in NHS), we combined well browned and blackened/charred into one category. Meat doneness levels were assigned values of 1, 2, or 3 for lightly browned, medium browned, and well browned or blackened/charred, respectively. A doneness-weighted frequency of high-temperature cooking was generated by multiplying the assigned value (1, 2, or 3) for each doneness level for open-flame and/or high-temperature cooking methods (i.e., broiling, barbecuing/ grilling, and roasting) by the frequency of each cooking method and then summing.
Assessment of HAA Intake
In the current study, the estimated dietary HAA intake was derived by multiplying the frequency of cooking meats with a prespecified portion size with HAA levels (ng/g meat) according to specific cooking methods and doneness levels and then summing. In this calculation, we used the CHARRED database (dceg.cancer .gov/tools/design/charred), an online database containing HAA levels measured in meat samples cooked using different methods by various doneness levels (26, 27 ). More details are described in Supplementary Data Appendix 1.
Ascertainment of T2D
A validated supplementary questionnaire regarding symptoms, diagnostic tests, and hypoglycemic therapy was mailed to participants who reported having diabetes in the biennial questionnaires. The validity of self-reported T2D diagnosis has been documented previously (28, 29) . More details are described in Supplementary Data Appendix 1.
Assessment of Covariates
In the biennial follow-up questionnaires, information was updated on demographic, socioeconomic, and lifestyle factors, including cigarette smoking, alcohol consumption, physical activity, marital status, menopausal status (women only), use of postmenopausal hormones (women only), and multivitamin use. BMI was calculated as self-reported weight in kilograms divided by the square of height in meters (kg/m 2 ). Physical activity was estimated as METs per week based on the average hours spent on various activities, weighted by the intensity level.
Statistical Analysis
Pearson correlation coefficients (r s ) were calculated to evaluate correlations between the frequencies of cooking methods. Person-years were calculated from the return of the baseline questionnaire to the date of T2D diagnosis, death, or loss to follow-up or to the end of follow-up ( , total energy intake (kcal/day), and dietary quality as measured by the AHEI. To control for potential confounding by meat consumption, total intake of chicken, fish, and red meat were further adjusted, and analyses were also stratified by intake of total meats, red meat, and chicken (in tertiles). Moreover, baseline BMI was further controlled. In the multivariate model, the baseline exposures and covariates were used in NHS and NHS II, while the timevarying exposures and covariates were used in HPFS in which cooking method information was updated once during followup. In a sensitivity analysis in HPFS, we only used baseline exposures and covariates in the multivariate model. In addition, the linear trend was tested by assigning a median value to each category as a continuous variable. A joint analysis was conducted to examine the potential interaction between frequency of open-flame and/or high-temperature cooking and meat doneness preference score (cooking frequency was not taken into account) in relation to T2D risk. In the current study, the proportional hazards assumption was tested by using a likelihood ratio test comparing models with and without multiplicative interaction terms between exposure and calendar year, and the proportional hazards assumption was not violated in any analysis.
Linear regression models were applied to examine the associations of frequency of high-temperature cooking methods for total meats with 4-year weight change among the participants who were younger than 60 years at baseline, because differential body composition changes at older ages might influence the associations of interest. In addition, the association of frequency of open-flame and/or hightemperature cooking methods with the risk of obesity was also examined, with the exclusion of participants who were obese (BMI $30 kg/m 2 ) at baseline. In the multivariate model, the same covariates mentioned above were included.
In sensitivity analyses, instead of adjusting for diet quality (as indicated by the AHEI), individual dietary factors were controlled for in the multivariate model. Considering that cooking methods may differ across regions of the country, geographic location (north, middle, south, or unknown) was further adjusted for in the multivariate model. The association of high-temperature cooking frequency with T2D risk was also examined, stratifying by baseline BMI. To minimize the potential confounding by total energy intake, in a sensitivity analysis we repeated the analyses using the energy-adjusted residues of all food intakes and cooking methods calculated using linear regression (25) . To reduce the possibility that participants with high risk of T2D or prediabetes may change their cooking practice, we excluded participants who reported incident T2D diagnosed in the first 4-year follow-up. In addition, we excluded the participants (,3%) who reported information on cooking frequency but were missing information on meat doneness level. In another sensitivity analysis, participants with low meat consumption (,2 servings/week) were also included. , physical activity (, median level, $ median level), and current smoking status (yes, no) to determine potential effect modification by these factors. The P values for the product terms between median frequency of high-temperature cooking methods and stratification variables were used to estimate the significance of interactions.
The Cochran Q statistic and the I 2 statistic were used to examine the heterogeneity of associations among the cohorts. All analyses were conducted separately in each cohort and the results were then pooled using a fixed-effects model or a random-effects model if there was heterogeneity. All statistical analyses were performed with SAS software, version 9.4 (SAS Institute Inc., Cary, NC). Two-sided P , 0.05 was considered statistically significant.
RESULTS
The age-adjusted distribution of baseline characteristics of the study populations are shown in Table 1 . Participants who reported higher frequency of open-flame and/or high-temperature cooking of total meats tended to be younger (primarily in NHS and HPFS), have a higher BMI and physical activity level, and have a higher consumption of alcohol, total energy, total red meat, chicken, fish, vegetables, fruits, soda, and protein. The r s values between frequencies of different cooking methods at baseline are shown in Supplementary Table 1 . For each animal food (chicken and beef/steak), there were modest positive correlations between frequency of broiling, barbecuing, and roasting (r s range 0.10-0.40). Table 2 shows the associations of frequency of individual cooking methods for red meat, chicken, and fish with risk of T2D. After multivariate adjustment including total intake of chicken, fish, and red meat, higher frequency of broiling and barbecuing chicken and higher frequency of roasting beef and grilling/barbecuing steak were each associated with an increased T2D risk. In contrast, the frequency of pan-frying chicken, pan-frying steak or hamburger, or broiling fish was not significantly associated with T2D risk (Supplementary Table 2 ).
Frequency of High-Temperature Cooking and T2D Risk
Associations between frequency of openflame and/or high-temperature cooking methods for meats and risk of T2D are shown in Table 2 . After multivariate adjustment of covariates including baseline BMI and total intake of chicken, fish, and red meat, a higher frequency of hightemperature/open-flame cooking was associated with an increased T2D risk. When comparing open-flame and/or hightemperature cooking .15 times/month with ,4 times/month, the pooled HR (95% CI) was 1.28 (1.18, 1.39; P trend ,0.001; P heterogeneity = 0.06) (model 4, Table 2 ). The results remained significant when red meat and chicken were analyzed separately: the pooled HR (95% CI) of T2D was 1.42 (1.29, 1.55; P trend ,0.001) for red meat and 1.15 (1.07, 1.25; P trend = 0.002) for chicken. The associations did not materially change with further adjustment of baseline waist circumference (instead of baseline BMI). Similar results were observed when the cooking frequency was categorized into quintiles in each cohort. Supplementary Fig. 1 shows the associations between frequency of open-flame and/or high-temperature cooking and T2D risk according to baseline BMI categories. Figure 1 shows the joint associations between frequency of open-flame and/ or high-temperature cooking and meat intake and T2D risk. Compared with participants who were in the lowest tertiles of both open-flame and/or high-temperature cooking frequency and meat intake, participants in the highest tertiles had a pooled HR (95% CI) of T2D of 1.50 (1.37, 1.64) for total meats, 1.54 (1.41, 1.68) for red meat, and 1.24 (1.14, 1.35) for chicken. No interaction was detected between openflame and/or high-temperature cooking and intake of total meats, red meat, and chicken.
Doneness-Weighted Frequency of High-Temperature Cooking and T2D Risk
The associations between donenessweighted frequency of open-flame and/or high-temperature cooking and risk of T2D are shown in Table 3 . After multivariate adjustment including baseline BMI and total intake of chicken, fish, and red meat, a higher doneness-weighted frequency of high-temperature cooking was associated with an increased T2D risk. Comparing extreme quartile frequencies, the pooled HR (95% CI) of T2D was 1.20 (1.12, 1.28; P trend ,0.001; P heterogeneity = 0.05). The results remained significant when red meat and chicken were analyzed separately: comparing extreme quartiles, the pooled HR (95% CI) of T2D was 1.28 (1.19, 1.37; P trend ,0.001) for red meat and 1.10 (1.03, 1.17; P trend = 0.03) for chicken (model 4, Table 3 ). Supplementary Fig. 2 shows the joint associations of open-flame and/or hightemperature cooking frequency and doneness preference score in relation to T2D risk.
After multivariate adjustment, higher estimated intake of HAAs was significantly Table 3 ). Comparing extreme quintiles, the pooled HR (95% CI) of T2D was 1.47 (1.20, 1.81; P trend ,0.001).
Higher frequency of open-flame and/ or high-temperature cooking methods for total meats was associated with a greater weight gain during the first 4-year follow-up (Supplementary Table 4 ). Positive associations were also observed for the risk of developing obesity. Comparing extreme cooking frequency categories, the pooled HR (95% CI) of obesity was 1.59 (1.50, 1.69; P trend ,0.001). Regarding open-flame and/or high-temperature cooking and T2D risk, the associations were markedly attenuated but remained significant with further adjustment for HAA intake and BMI change during follow-up ( Supplementary Fig. 3 ). More details are described in Supplementary Data Appendix 1 (30) .
Sensitivity Analyses
These observations were similar by different follow-up duration or after further adjustment for geographic location , physical activity (, median level, $ median level), and current smoking status (yes, no), the associations persisted in the strata of these variables (Supplementary Table 5 ) and no significant interactions were observed. For doneness-weighted frequency of hightemperature cooking and HAA intake, the results also persisted in the stratified analyses (data not shown). Similar results were observed when we excluded the participants with missing data for covariates or when only baseline exposures and covariates were used in the multivariate model in HPFS. The results did not change materially when energy-adjusted residuals of all food intake and cooking methods were used in the analyses. In other sensitivity analyses, when excluding the participants with incident T2D diagnosed in the first 4-year follow-up or participants who had information on cooking frequency but were missing information on doneness level, the results were similar.
CONCLUSIONS
In the three large prospective cohort studies among U.S. men and women who consumed red meat, chicken, or fish regularly, a higher frequency of open-flame and/or high-temperature cooking for both red meat and chicken was independently associated with an increased T2D risk during 12-16 years of follow-up. In addition, higher estimated intake of HAAs was also linked with an increased risk of T2D. These associations were independent of baseline BMI and total consumption of chicken, fish, and red meat. Moreover, a higher frequency of open-flame and/or high-temperature cooking was associated with greater weight gain and higher obesity risk. 
Comparison With Other Studies
Different types of meat consumption have been differentially associated with diabetes risk (4-7). Red meats, particularly processed red meats, were consistently associated with an increased risk of developing T2D in prospective cohort studies (4, 8) . Findings regarding fish and chicken intake were less consistent. Two meta-analyses demonstrated a positive association of fish intake with T2D risk in U.S. and European populations but an inverse association in Asian and Australian populations (7, 9) . A recent large prospective study among Swedish men (n = 35,583) found that higher fried fish consumption was associated with an increased risk of T2D, although no overall association was demonstrated for total fish intake (31). For chicken or poultry, some studies reported null or inverse associations with T2D risk (5,10), whereas an increased risk was demonstrated in the European Prospective Investigation into Cancer and Nutrition (EPIC)-InterAct study (6) and the Singapore Chinese Health Study (32) . In the current study, we found a positive association between red meat intake and T2D risk after further adjusting for cooking methods. In addition, chicken and fish intake was also associated with a modest increased risk of T2D in our three cohorts. These findings were largely consistent with those in earlier analyses of data in our cohorts (4). The reasons for inconsistent findings regarding chicken and fish intake and T2D risk are unknown, although potential differences in population characteristics and environmental contamination (such as methylmercury or polychlorinated biphenyls in fish) may play a role. Furthermore, methods preferred for cooking meats may differ among different study populations. For example, in China, stewing, braising, steaming, and stir-frying are commonly used to cook meats (33), while grilling/barbecuing, broiling, roasting, and pan-frying are more widely practiced in Western countries (34) . In our previous study in the NHS cohort (with cooking information for red meat only), we found that a higher frequency of broiling, barbecuing, and roasting red meat, but not stewing/boiling or pan-frying, was independently associated with an increased T2D risk in women (11) . In the current study with detailed cooking information for red meat, chicken, and fish, we not only replicated a positive association between open-flame and/or high-temperature cooking methods for red meat and T2D risk in both men and women but also found that open-flame and/or hightemperature cooking methods for chicken also independently increased T2D risk. , or missing) (women only), physical activity (METs/week: 0-2.9, 3-8.9, 9-17.9, 18-26.9, $27.0, or missing), total energy intake (kcal/day), AHEI without alcohol intake, and baseline BMI. For panels B and C, red meat, chicken, and fish intake were mutually adjusted.
In the current study, we did not observe a significant association between the frequency of broiling fish and T2D risk, although this fish cooking method was not common among our participants. For example, only 4.3% participants broiled fish $2 times/week, and few participants (,1%) cooked fish until well browned and/or blackened/charred. Therefore, our analysis may not have an adequate statistical power to detect a weak-to-modest association for broiling fish.
In addition to open-flame and/or hightemperature cooking methods, the degree of meat doneness might also modify the associations between meat intake and T2D risk. Some previous studies suggested that the meat doneness level, especially very well done, could increase the risk of certain cancers (35, 36) , although other studies reported null associations (37) . In the current study, we also demonstrated that a higher donenessweighted frequency of high-temperature/ open-flame cooking for both red meat and chicken was significantly associated with an increased risk of T2D. Furthermore, the current study found that open-flame and/or high-temperature cooking methods were positively associated with weight gain and obesity risk and that HAA intake and changes in BMI during follow-up might partially explain the positive associations between high-temperature cooking and T2D risk. Overall, these results suggested that, independent of the amount of meat consumption, open-flame and/or high-temperature cooking methods for both red meat and chicken were associated with an increased T2D risk.
Potential Biological Mechanisms
Although the exact mechanisms underlying the observed associations remain unknown, some studies have suggested that certain hazardous chemicals including HAAs, PAHs, nitrosamines, and AGEs, which are produced during hightemperature cooking of meats, might be involved in the development of diabetes (14, 16, 19) . A recent in vitro study by Rogers et al. (16) demonstrated that low-dose HAA exposure could induce gene expression changes in JAK/STAT and MAPK pathways linked with inflammation and diabetes. Evidence from in vitro and in vivo studies suggested that PAHs might induce proinflammatory cytokine production, interfere with insulin secretion, and consequently increase the risk of developing diabetes (38) . Using data from the National Health and Nutrition Examination Survey (NHANES), several crosssectional studies also found that urinary PAH biomarkers were associated with inflammation and an increased prevalence of diabetes (19, 39) . In addition, another study in rat pups showed that nitrosamine exposure caused lipid peroxidation, elevated expression of proinflammatory cytokine, and promoted insulin resistance (40) . For AGEs, previous studies have demonstrated a strong link with inflammation, oxidative stress, and insulin resistance in animals and humans (14) . Nevertheless, more investigations are warranted to establish the underlying mechanisms.
Strengths and Limitations
To our knowledge, this is the first study to examine open-flame and/or hightemperature cooking frequency and meat doneness level in relation to T2D risk among men and women who consumed red meat, chicken, or fish regularly. This is also the first study linking higher estimated dietary HAA intake with an increased T2D risk. In addition, the strengths of this study also include the large sample size, long follow-up period, a detailed questionnaire on different cooking methods and doneness levels for different types of meats, and careful adjustments for a multitude of potential risk factors.
Several limitations should be acknowledged as well. First, the study participants were all health professionals, and most of them were Caucasians. Although the relative homogeneity could alleviate confounding by socioeconomic status, it also limits the generalizability of the findings. Second, although information on high-temperature cooking methods for red meat, chicken, or fish was collected twice in HPFS, we only collected this information once in NHS and NHS II, which might not represent long-term cooking practices. Considering that the correlations between the 1996 and 2004 assessments of cooking methods in HPFS were moderate (r s range 0.30-0.44), which might be due to changes in cooking behaviors over time or measurement errors in self-reported data, more prospective studies, particularly with repeated measurements of cooking methods and doneness levels, are warranted to confirm our findings. Third, although measurement errors in self-reported assessments of diet are inevitable, our validation studies demonstrated reasonable validity of the FFQ: for example, the r s between the FFQ and multiple dietary records ranged from 0.38 to 0.70 for various red meat intakes (23, 24) . Moreover, such measurement errors are likely to be nondifferential in this prospective study but may result in residual confounding by dietary factors. Fourth, the current study did not have data on PAHs and nitrosamines, and the validity of the cooking questionnaire was not directly assessed. In addition, the cooking questionnaire did not include all cooking methods (such as boiling/stewing and stir-frying) for other types of meats (such as pork, lamb, and fish [only the frequency of broiling fish was inquired about in the current study]), which warrant more investigations in future studies. Fifth, we simply added the frequency of each cooking method or doneness level to reflect overall meat-cooking preferences, assuming an additive association across different cooking methods for different meats with equal health effects. In addition, adiposity might not be perfectly controlled in our study because BMI is not a direct measure of adiposity, although similar results were observed when waist circumference was adjusted for in the models. Sixth, some of the associations, especially those for chicken cooking methods, did not achieve statistical significance among men. However, we did not observe clear evidence of heterogeneity in associations across the three cohorts. Meanwhile, the associations for red meat cooking frequencies and HAA intake were highly consistent between men and women. Future studies are needed to explore potential sex differences in these associations. Finally, with the observed associations markedly attenuated after further controlling for BMI, it was unknown whether this observation reflected true mediation effects or residual confounding by other factors related to weight gain.
Implications of Findings
Our study provides novel evidence that open-flame and/or high-temperature cooking may independently contribute to the development of T2D beyond the risk of high meat intake. These findings imply that avoiding the use of open-flame and/or high-temperature cooking methods, including grilling/barbecuing, broiling, and roasting, may help reduce T2D risk among individuals who consume red meat, chicken, or fish regularly. Regarding potential strategies for diabetes prevention, this study also provides further evidence in support of the reduction of meat intake, especially red meat consumption.
Conclusion
The current study suggests that, independent of the consumption amount, open-flame and/or high-temperature cooking for both red meat and chicken is associated with an increased risk of T2D. More prospective studies are warranted to confirm these findings. , physical activity (METs/week: 0-2.9, 3-8.9, 9-17.9, 18-26.9, $27.0, or missing), total energy intake (kcal/day), and AHEI without alcohol intake. Model 3 was further adjusted for total intake of chicken, fish, and red meat. Model 4 was further adjusted for baseline BMI. Q, quartile.
